Background: Puberty is the result of reactivation of the gonadotropin releasing hormone (GnRH) pulse generator resulting in an increasing release of GnRH by the hypothalamus, which stimulates the gonadotropic cells of the pituitary to synthesize and secrete LH and FSH. Hypogonadotropic hypogonadism (HH) is often the result of GnRH deficiency. The clinical picture is characterized by the absence of pubertal development and infertility. It is difficult to differentiate HH from delayed puberty since low gonadotropin and low testosterone levels are found in both conditions. We hypothesized that long-term GnRH administration may differentiate between the two conditions by a difference in the increase of gonadotropins, the idea being that in normal delayed puberty the pituitary of the patient has been primed with GnRH during the fetal and early postnatal period. Patients: Seventeen adolescents suspected of having hypogonadotropic hypogonadisn were treated with pulsatile GnRH for 7 days. At the present time, the diagnosis of these patients is known and the results of the long-term GnRH stimulation have been evaluated according to the present diagnosis.
Introduction
Puberty is the result of increasing gonadotropin releasing hormone (GnRH) release by the hypothalamus followed by a complex sequence of endocrine changes with functioning of negative and positive feedbacks, and associated with the development of sex characteristics, a growth spurt and reproductive competence.
Dierschke and co-workers (1) were the first to observe a pulsatile secretion pattern of luteinizing hormone (LH) in primates. In the human the gonadotropic axis is already active in the fetal period. At mid-gestation, at completion of the vascular portal system, gonadotropin levels reach very high values (2). This peak is followed by a decrease, presumably the result of a negative feedback to sex steroids in combination with central inhibiting influences on GnRH release. During the transient increase in gonadotropins after birth, LH levels already show a pulsatile pattern (3) .
In adolescence the first endocrine change is the occurrence of an LH increase during the night only (4) . LH and follicle stimulating hormone (FSH) then increase during the day and the night until adult levels have been achieved. The day -night rhythm is characteristic for pubertal maturation and disappears in the adult endocrine state. LH secretion changes through an increase in both LH pulse frequency and pulse amplitude, which is assumed to reflect the nature of GnRH stimulation (5) .
If an adolescent remains in the prepubertal state, it is difficult to differentiate between delayed puberty and hypogonadotropic hypogonadism, since both conditions are characterized by hypothalamic inactivity. The diagnosis can be suspected, however, on clinical grounds. Delayed puberty is often familial and associated with short stature. At the delay, height velocity will slow down further and bone maturation will be delayed. In general, hypogonadotropic hypogonadism patients have a normal height. There is no clear dip in height velocity when puberty does not appear, but height velocity will maintain its prepubertal pace. Bone maturation continues slowly.
The GnRH test is not a reliable test to differentiation between the two states. In the normal prepubertal state and in the hypogonadotropic state there is hardly any increase in the gonadotropins response to GnRH. In fact, the response to a GnRH test reflects the priming effect of GnRH stimulation beforehand which is absent or low in both conditions. If the patient is at a pubertal age but still without any clinical signs of puberty, a 24-hour pattern of LH may provide evidence for a delayed puberty. This pattern is then characterized by a night time increase in LH or a slightly increased FSH level during the day (4, 6) . This paper will discuss the possibilities of long-term pulsatile stimulation with native GnRH in order to differentiate between normal prepubertal and hypogonadotropic states as well as its use for therapeutic options in adolescents.
Patients and methods
The group of patients consisted of adolescents in whom the diagnosis of hypogonadotropic hypogonadism was suspected. If there was an additional endocrine deficiency, adequate substitution was given.
Diagnostic GnRH administration
We hypothesized that in the case of hypogonadotropic hypogonadism there had been no or decreased priming of the pituitary leading to a diminished or delayed LH and FSH response to exogenous GnRH stimulation.
Seventeen adolescents suspected of having hypogonadotropic hypogonadism were treated with GnRH for 7 days. On days 1 and 7 a standard GnRH test was performed. GnRH was administered in a pulsatile fashion in a dose of 20 mg/1.73 m 2 per pulse every 90 min intravenously. On days 2 through 6, blood was collected for LH and FSH determination every morning just prior to the GnRH administration at 0900 h. Gonadal function was evaluated by measuring plasma estradiol levels in girls and testosterone levels in boys on days 1 and 7.
At the present time, we know the correct diagnosis of these 17 patients since we followed-up those who were hypogonadotropic and those who entered puberty spontaneously.
Therapeutic use of GnRH
The group of patients consisted of 68 males with hypogonadotropic hypogonadism with a mean age of 20.4 years (range 14.3-42 years). Twenty-four of them were pretreated with androgens for more than 3 months (long term), 11 had received gonadotropins to induce testicular growth but without success. Twenty patients underwent surgical correction of cryptorchidism, 14 on both testes, two on the left testis, four on the right testis.
Twenty-eight of them suffered from idiopathic hypogonadotropic hypogonadism (IHH), 23 from Kallmann syndrome (KS), hypogonadotropic hypogonadism in combination with anosmia, nine from multiple pituitary hormone deficiencies (MPHD), and eight from a brain tumor which had been surgically removed.
Before GnRH therapy, gonadotropin secretion was evaluated by 7-day GnRH administration (7) . If, based on the results, pituitary function was assumed to be intact with respect to gonadotropin secretion, then GnRH treatment was applied.
Treatment with GnRH consisted of GnRH infusion (Lutrelef, Ferring GmbH, Kiel, Germany) in a pulsatile fashion using a portable pump (Zyklomat, Ferring GmbH). The first 14 patients had been treated with a pulse dose of 20 mg every 90 min. Since we observed relatively high levels of gonadotropins and testosterone levels, we decreased the dose in the following patients. Sixteen patients started with 10 mg pulses; in three of them the dose needed to be increased. Another eight patients had been treated with 5 mg pulses, in one the dose needed to be increased. Thirty patients started with 2 mg pulses; in six the dose had to be increased. Forty-five patients were treated with GnRH intravenously, the other 23 with subcutaneous infusion.
The results of the treatment were followed by regular physical examination with special attention to testicular volume, as well as measurements of gonadotropins and testosterone levels. If needed, the GnRH dose was adjusted. Spermatogenesis was evaluated by semen analysis or investigation of a morning urine sample for spermatozoa.
The final goal of treatment was the achievement of spermatogenesis. When a patient achieved a normal testicular volume but remained azoospermic, treatment was discontinued. Subsequently, the patients were treated with human chorionic gonadotropin (hCG) 1500-3000 units one to two times a week intramuscularly and subcutaneously.
Statistical analysis was performed using non-parametric tests. A significant difference was considered when P was equal to or below 0.05.
The diagnostic and therapeutic studies were performed with the permission of the subcommittee for research on human subjects of the VU University Medical Center.
Results

Diagnostic GnRH administration
All 17 patients except one showed an increase in LH, FSH and estradiol or testosterone levels during the seven days of GnRH administration. Figure 1a exemplifies the pattern of LH and FSH in a 14.7-year-old male adolescent without any sex characteristics. Figure 1b shows the curve of a 15-year-old girl in prepubertal stage B1,P1, known to have pituitary hypoplasia.
Seven out of the 17 patients suspected of having hypogonadotropic hypogonadism appeared to have a GnRH deficiency. They never entered puberty spontaneously, in contrast to the other ten patients. Figure 2 shows the increase in LH levels of the two groups (delayed puberty and GnRH deficiency) during the seven days of pulsatile GnRH stimulation. LH and FSH showed similar patterns. In both groups gonadotropins increased during the GnRH stimulation. There were no differences in the increase between the two groups. The individual levels overlapped on all days.
Therapeutic use of native GnRH
During treatment with GnRH, LH, FSH and testosterone levels increased in all patients. In 56 out of the 68 patients testosterone levels achieved adult levels defined as a total testosterone level above 10 nmol/l. The other ten patients showed testosterone levels between 6.3 and 9.0 nmol/l.
With respect to the sex characteristics, testicular growth and virilization occurred in all patients. At the start of GnRH treatment mean testicular volumes were 4.2, 2.6, 3.5 and 4.3 ml in patients with IHH, KS, MPHD and after removal of a brain tumor respectively (Table 1) . Testicular volume before treatment was significantly less in the patients with KS. Mean testicular volume increased to 14.2, 10.6, 11.6 and 18.2 ml respectively; testicular volumes at the end of treatment were significantly higher in the brain tumor patients.
Spermatogenesis was examined in 60 patients at the end of GnRH treatment (Table 2) . Spermatozoa were present in 51, while nine showed azoospermia. This investigation was not performed in eight males. During follow-up after the GnRH treatment, another two patients developed spermatogenesis during hCG treatment, while five out of the eight patients in whom spermatogenesis had not been investigated, appeared to have sperm as well.
In summary, in 58 out of 68 patients spermatogenesis was induced. All 14 patients who underwent surgery on both testes because of cryptorchidism developed spermatogenesis under GnRH treatment or during the subsequent hCG treatment.
In eight patients previously treated long term with gonadotropins without success, GnRH treatment was able to induce spermatogenesis. 
Follow-up
After discontinuation of GnRH treatment, hCG treatment was initiated in a dose of 1500 -3000 units intramuscularly twice per week. The dose was adjusted based on the testosterone levels. Experience with the treatment allowed the schedule to be changed to a less frequent (once a week) and subcutaneous way of administration controlled by adequate testosterone levels. During follow-up, spermatogenesis was maintained in most patients and was even improved in some patients.
As far as we know, ten of these men fathered children. In four male infants we measured gonadotropin and testosterone levels between the ages of 7 and 16 weeks. LH levels ranged between 1.1 and 3.6 U/l, FSH between 0.6 and 2.2 U/l. All four boys had measurable testosterone levels between 1.6 and 7.2 nmol/l.
Problems
During both subcutaneous and intravenous administration of pulsatile GnRH, desensitization may occur. A short treatment pause or increasing the GnRH pulse dose could restore gonadotropin secretion.
The intravenous catheters may cause phlebitis; a low dose of heparin (100-300 U/ml) as well as of prednisolone (0.03 -0.1 mg/ml) may prevent these problems. In the case of subcutaneous treatment these additives were not needed.
During treatment hypogonadotropic adolescents underwent a progressive puberty, which many of them found difficult to adjust to mentally. In these cases, psychological counselling was offered.
Discussion
With regard to diagnostic aspects, GnRH was able to induce increasing gonadotropin secretion in all but one of the patients. One girl known to have hypogonadotropic hypoplasia and, as a consequence, multiple hormone deficiencies, appeared to suffer from hypogonadotropic hypogonadism as well. This was confirmed by a longer treatment with pulsatile GnRH administration (data not shown). This pattern of response indicates that, at least, we are able to distinguish a pituitary defect from a hypothalamic disorder. A pituitary defect also indicates that the patient cannot be treated for induction of ovulation or spermatogenesis by GnRH therapy.
The changing pattern in patients with a GnRH deficiency and delayed puberty shows that pulsatile GnRH is able to modify the pituitary response to GnRH within several days (8) . Evidence for the idea that patients with a GnRH deficiency have a delayed response to GnRH compared with patients with delayed puberty as a result of impaired priming during the fetal and infant period was not found. There were no significant differences in LH, FSH and sex steroid levels between hypogonadotropic hypogonadism and delayed puberty. The patterns of the increasing levels of gonadotropins completely overlap throughout the seven days of GnRH stimulation. All patients were included in the follow-up. Twelve out of them achieved either short-term or long-term treatment to initiate puberty if spontaneous onset did not appear at an appropriate time. To confirm the diagnosis, treatment was discontinued after several years.
The GnRH agonist has been described to be an alternative to distinguish delayed puberty from hypogonadotropic hypogonadism (9) . However, the paper by Kauschansky et al. (9) shows that both the native GnRH test and the GnRH agonist test elicit significantly higher levels of LH and FSH in boys with delayed puberty compared with hypogonadotropic boys (9). Figure 2 The results of daily measurements of LH during 7 days of GnRH treatment in 17 patients. After ten years it appeared that seven of the 17 patients had GnRH deficiency, while ten entered puberty spontaneously. In fact, the basal FSH levels were already higher in delayed puberty, indicating that there is some GnRH stimulation (6) . The boys with delayed puberty showed an increase in testicular volume over the following year. Clinical findings such as testicular volume, growth pattern, and bone age in combination with a basal blood sampling family history, will give a probable diagnosis in most adolescents. When a probable diagnosis cannot be established, additional testing can provide information on the function of the hypothalamic -pituitary-gonadal axis.
With regard to the diagnostic procedure, we may conclude that pulsatile administration is capable of differentiating between a pituitary and a hypothalamic defect in the case of hypogonadotropic hypogonadism. In addition, a good response to pulsatile GnRH implies that the patient can be treated with pulsatile GnRH to induce puberty and fertility.
The therapeutic use of synthetic GnRH appeared to be an adequate way to treat female and male infertility problems. Presumably as a result of inadequate therapeutic schedules, the first results in males were very disappointing (10, 11) . However, when GnRH was administered in a pulsatile fashion stimulation of testicular growth, including spermatogenensis, could be achieved (12, 13) . The question arises as to whether gonadotropin therapy might achieve similar results as GnRH treatment. Schopohl and co-workers (14) reported on a comparison of both treatment regimens in males. They concluded that both GnRH and gonadotropins are able to induce testicular growth and steroidogenesis. Gonadotropin treatment resulted in higher testosterone and estradiol levels, presumably due to overstimulation. Consequently, the elevated estradiol levels caused gynecomastia, which was experienced as an inconvenient side effect. In their study, they observed higher testicular volumes in the GnRH-treated males. Furthermore, spermatogenesis developed in ten out of 16 investigated males treated with GnRH and in eight out of 17 males treated with gonadotropins,
In our study we observed a successful treatment in males who had had a previous failure on gonadotropin therapy. Therefore, it appears that, especially in the congenital form of hypogonadotropic hypogonadism, GnRH therapy is the most adequate and successful treatment to initiate testicular development. The difference between congenital and aquired hypogonadotropic hypogonadism may be the result of early life stimulation. During the fetal period as well as after birth, endogenous gonadotropins normally stimulate the testes. These short periods of stimulation may program or organize testicular function, which may be essential for later development (15) .
Why the testes of congenital hypogonadotropic patients respond better to GnRH treatment than to exogenous gonadotropins is unknown. It may be due to overstimulation by gonadotropins and therefore induction of desensitization at the testicular level. During GnRH treatment a negative feedback of testicular products at the pituitary level develops that allows the testes to control their own gonadotropin stimulation, thereby preventing testicular overstimulation.
The high outcome of spermatogenesis achieved during GnRH treatment is remarkable. It was possible to induce spermatogenesis in patients with relatively small testes, well below adult size (above 20 ml) as well as in patients who underwent surgical correction of their bilateral cryptorchidism.
Once spermatogenesis has been achieved, hCG is able to maintain or even improve spermatogenesis. For continuation of spermatogenesis a high local testosterone level in the testis is needed.
The postnatal gonadotropin elevation during the first months of life offers us the opportunity to evaluate the hypothalamic -gonadal axis in the offspring of fathers with hypogonadotropic hypogonadism (15) . This condition can be inherited as an X-linked, autosomal dominant or autosomal recessive mode. Mutations are described in the KAL-1 gene located on the X-chromosome and in the KAL-2 gene encoding for the fibroblastic growth factor receptor 1 (16, 17) . Mutations are not always detected, also in families with a clear pattern of inheritance.
During the 3-month golden window after birth, increased levels of gonadotropins (higher than the low prepubertal levels) and testosterone indicate that the gonadal axis is intact and the diagnosis of HH can be excluded. It is not possible to test after the age of 6 months because gonadotropins will decrease to prepubertal levels at that time due to the intrinsic restraint that inhibits GnRH activity until puberty.
Wearing a portable pump to deliver pulstile GnRH can be cumbersome. However, nowadays many boys wear mobile phones and audio-players on their belts. Therefore, adolescents can adapt easily to this situation.
In conclusion, pulsatile GnRH application is a feasible way to induce virilization and testicular growth including spermatogenesis in males with hypogonadotropic hypogonadism. This method of treatment may be especially beneficial to those patients with a congenital form of this condition.
